Introduction
The Notch pathway is a phylogenetically conserved signaling mechanism that mediates cell-cell communication events in the development of nearly all metazoan organisms that have been examined. Homologues of Notch have been found in echinoderms, ascidians, nematodes, insects and vertebrates. In all those organisms, the Notch pathway is essential for a variety of developmental processes involving intercellular communication, including asymmetric cell-fate decisions, formation of boundaries in developmental fields, cell proliferation, and apoptosis [1] .It is thought that the Notch pathway exerts these pleiotropic effects through a common signaling pathway involving the interaction of a few core elements: a signal, DSL Figure 1A ). It starts with the juxtamembrane RAM domain, which contains a conserved nuclear localization signal (NLS) sequence. RAM also contains a high affinity binding 4 part of the Notch intracellular domain contains a Glutamine rich region (OPA) and a PEST region involved in regulating the half-life of the protein [17] . In mouse and nematode the PEST region is phosphorylated in vivo and becomes a binding site for the E3 ubiquitin ligase Sel-10 (for review [18] ).
The association of Notch with CSL is thought to be the key to Notch signaling, since it is CSL that determines what genes are bound and activated by the Notch/Mam/CSL complex [1] , but the physical basis for this association remains unclear. The RAM domain was first identified as the primary binding domain for CSL in mammalian Notch [19] . Mutation of a span of conserved residues in this region prevents in vitro binding of CBF-1 with mNotch [19] . However, in mammalian cultured cells, RAM-deleted Notch derivatives retain Notch activity, suggesting either the presence of other CBF-1 sites or some CBF-1-independent activity [15, 20, 21] . More definitively, in Drosophila, RAM-deleted Notch derivatives still provide significant Su(H)-dependent activity [22, 23] . It has been suggested that Su(H) may interact in vitro with the ankyrin repeats of Drosophila Notch [24] , and indeed, in contrast to the RAM domain, the ANK repeats are essential for all CSL-dependent Notch functions in all studied organisms. However, the binding of CSL proteins to the ANK region seems to be very much weaker than the binding to the RAM domain [25] , and has not even been detectable in all studies. Moreover, no CSL binding site has been specifically mapped to this part of the protein. 
Experimental Procedures

Plasmid constructions
Briefly, constructs were obtained as followed:
GST-Su(H):
To create a baculovirus construct for the expression of GST fusion proteins, the GST coding sequence, polylinker region, and stop codons of pGEX-2T (Pharmacia Biotech Inc.)
were amplified by PCR and subcloned into the baculovirus transfer vector pVL1393 transfer vector (pharmingen) to create the vector pVL-GST. pGEX-KG-Su(H) (provided by Posakony,
[29]) was cut EcoRI and HindIII (blunt) and subcloned into pVL-GST cut EcoRI and XbaI (blunt).
Notch fragments: His tagged Notch fragments RAM and OPA were PCR amplified and subcloned between the NheI and BglII sites of pRSET A and have been previously described [30] . The others similar constructs of this study: RAMDA, RAMDB, RAMDC, RAMDD, ANK, ANK-PPD, the different PPD-OPA, N1766-2262 and N1779-2262 were made the same way. In each case, a stop codon was introduced after the final amino acid and the amplified fragment was fully sequenced.
pT7/C1 EGFP and pT7/C1 EGFP-PPD: pT7/C1 EGFP was derived from pEGFP-C1 (Clontech) with addition of a T7 promoter. pT7/C1 EGFP-PPD was obtained by subcloning pRSET-ANK-PPD cut BamHI and PstI into pT7/C1 EGFP cut BglII and PstI. were sequenced and then subcloned into pUAS N1790 (provided by S. Kidd [16] ) cut by BglII and XhoI.
pUAS NFL WT :
To get the pUAS NFL WT we cleaned the stop mutation of pUAS N1-2262
[31] by replacing its XhoI/XbaI fragment by the one from pUAS N1790 [16] .
pUAS Su(H)-HA: The triple HA tag was derived from IRES hrGFP2a (Stratagene), cut XhoI and BstEII (blunt) and subcloned into pBS-SK cut XhoI and KpnI (blunt). Su(H) was PCR amplified from pBS-KS-Su(H) (provided by F. Schweisguth, [32] ) with a KpnI site in front of the ATG and a XhoI site in place of the stop codon putting it in frame with the three HA tags. The KpnIXbaI insert was fully sequenced before being subcloned into pUAS. 
Mutagenesis
All the deletions or mutations in the Notch derivatives were done by directed mutagenesis according to the protocol of the Quick Change Directed mutagenesis kit (Stratagene).
Briefly, for all the mutations in the RAM domain, the NheI-NcoI fragment of pUAS N1-2262 was subcloned into pRSET and then mutagenised. For all the mutations in the PPD domain, the Xho-NarI fragment of pUAS Nintra1790 was subcloned into BS-SK and then mutagenised. All the mutagenised fragments were fully sequenced before being re-subcloned in their appropriate backbones (pUAS NFL WT, pUAS N1766 or N1779, pRSET N1766 or N1779, etc.).
Recombinant protein
Baculovirus: Baculovirus stocks were produced by cotransfecting into SF9-insect cells pVL-GST or pVL-GST-Su(H) plasmids along with a mixture of AcNPV DNA according to the manufacturer procedures (BaculoGoldTM Pharmingen).
Purification: GST and GST-Su(H) fusion protein expressed in SF9 were purified on glutathionesepharose beads (Pharmacia). Briefly, 36 hours post-infection with baculovirus expressing pVL-GST or pVL-GST-Su(H), SF9 cells were harvested, washed in phosphate-buffered saline and lysed in 25mM Hepes (pH 7.5), 300mM NaCl, 0.5% NP40, 15mM b-mercaptoethanol, 5mM NaF, 10mMNa pyrophosphate and 25mM b-glycerophosphate. After 30min of gentle agitation at 4 o C and 30min of centrifugation at 14,000rpm, the supernatant was diluted with lysis buffer lacking NaCl to reduce NaCl to 125mM. Preblocked glutathione-sepharose beads were added to the lysate and incubate for 1hour with gentle rocking. Beads were washed 4 times in lysis buffer 50mM NaCl and stored in presence of azide 2mM. GST and GST-PTB purified from bacteria have been previously described [30] .
In vitro binding assay
Notch fusion proteins were in vitro transcribed and translated (IVT) in the presence of 35 S methionine using rabbit reticulocyte lysates (TNT, Promega) and following the manufacturer protocol. As indicated, some of the constructs (ANK-PPD derivatives) were digested and purified before being IVT. Binding of in vitro translated polypeptides or fly extracts to GST fusion proteins was performed as previously described [30] . of gentle agitation at 4°C and 30min of centrifugation at 14000rpm, the supernatants were collected as whole cell extracts.
Transgenic fly strains and fly extracts
Transgenic strain: Germ line transformation was performed using standard procedures. w 1118 flies were injected with UAS constructs at 1mg/ml and Delta2-3 helper plasmid at 0.5mg/ml. For densitometry quantification, non-saturated chemoluminescence exposed film were scanned and densitometry analysis was performed with NIH Image Software.
Immunohistochemistry and immunofluorescence
Embryos were collected at 25 that is sensitive to the presence of the ankyrin repeats, and one in the RAM domain.
Molecular characterization of the Su(H) binding site within the RAM domain of Notch
To narrow down the location of the Su(H) binding site within the RAM domain of Notch, we divided that domain into four subregions (A, B, C , and D, see Figure 2A ) and tested the ability of deleted forms of RAM to bind to GST-Su(H) ( Figure 2B ). All subdomains except A were dispensable for Su(H) binding ( Figure 2B ). The A subdomain is highly conserved between species and includes a strong match to the previously described CBF-1 binding region in the , lanes 2 and 7 and 8, lower panel).
Molecular characterization of the Su(H) binding site within the PPD domain of Notch
We set out to characterize binding of Su(H) to the PPD domain, using the same strategy that we had used for RAM. We started with the ANK-PPD fragment, digested its coding DNA with 5 restriction enzymes deleting progressively the C-terminus part of that encoded peptide and We next mutated all the codons between SfiI and PvuII in groups of four adjacent codons and to our surprise, none of these mutations prevented binding to Su(H) (data not shown). This suggested that the binding region might be complex or redundant. Looking at the primary amino acid sequence of the PPD region, we noticed two stretches of basic residues (lysines and arginines) that are strongly conserved within the Notch family ( Figure 3C and Table 1 ). These peptides were previously suggested in human Notch to be Nuclear Localization Signals (NLS)
[20]. The Su(H) interaction site in the RAM domain is also in a region with a block of positively charged residues [19] . We therefore wondered whether those blocks of basic residues might be important for the binding of Su(H) to the PPD region. We made deletions in the PPD region of Drosophila Notch that removed each of those stretches of charged residues separately (D1 or D
2) or both together (D1+D2 and D3) ( Figure 3C ) and we tested their effect on the binding to GST-Su(H). We made those deletions in a construct starting at codon 1779 (N1779-2262) lacking the Ram site, as well as in a construct starting at codon 1766 (N1766-2262) that retains the Ram site and acts as a positive control for the activity of the construct. As shown in Figure   3D , Based just on the biochemical data, we cannot distinguish unambiguously whether this reflects non-specific binding or authentic association of Su(H) with Notch in some other way (see below).
Both Su(H) binding regions contribute to Notch activity in vivo
We employed a functional assay of Notch activity in vivo to assess the physiological significance of the Su(H) binding sites identified biochemically, above. Notch mutant embryos display severe hyperplasia of the central nervous system (CNS) and peripheral nervous system (PNS) (Fig 6 A,B) , and this phenotype can be rescued almost completely by expression of wild type Notch throughout the neuroectoderm under control of an appropriate GAL4 driver (scabrous-GAL4; Fig 6 C) . We therefore used this driver to express Notch derivatives lacking the Ram binding site for Su(H), the PPD sites, or both (Fig 6 D-H ; Fig 7 B, C) .
In cells lacking expression of the transgene, endogenous Notch can be clearly detected around the cell periphery, but consistent with previous studies, the level of protein in the nucleus is below the limit of detection by immunofluorescence. In cells in which the transgene is expressed, in contrast, a modest increase is evident in labeling of the cell periphery, and labeling 16 is now also detectable in the center of the cell, in the position of the nucleus (Fig 7B) .
Examination of a cross section of this sample (Fig 7C) further supports the interpretation that this represents staining of the cell nucleus. In some experiments, this was verified by doublelabelling with an authentic nucelar marker (anti-Lola; data not shown). We infer, therefore, that the expressed Notch protein lacking the two PPD basic motifs is present in the nucleus in these embryos.
Discussion
We have shown in this study that Su(H) binds to Previous studies offer independent support for the interpretation we propose. Notch derivatives lacking the RAM binding site that were shown to bind CSL in vitro and in vivo and to activate the CSL pathway retained one or both of the PPD sites (for example [37] ; summarized in [9]).
Moreover, Jeffries and Capobianco used both a neoplastic transformation assay and a luciferase reporter assay to show for human Notch1 the importance of what we are calling the PPD domain:
the minimal transformation domain (TFD) they identified in human Notch1 corresponds to the ANK repeats together with the PPD domain we define in Drosophila Notch, and a deletion that removed only a portion of the PPD domain gave an intermediate level of activity in their transformation assay [38] . Finally, Oswald, et al [39] characterized transcriptional activation by a series of mouse Notch1 intracellular domain derivatives with C-terminal truncations that ended in and around the PPD domain. In that study, the shortest derivative that provided full Notch activity deleted one of the basic peptides in the PPD, but retained the other. A derivative that was just 22 codons shorter and lacked both of the basic peptides was reduced in activity bỹ 50% compared with wild type Notch, even though both expression level and nuclear localization of the derivatives tested appeared to be unimpaired in that assay system.
It is striking that the Su(H) binding region that we have identified within the PPD domain is the previously described "double NLS region" of Notch [20, 38] . This region contains two small basic peptides that resemble nuclear localization signals and are believed to contribute to nuclear accumulation of N icd . We find that these same peptides are essential for in vitro binding of Su(H). While our data do not exclude the possibility that those residues may also provide a classical NLS signal, we find that deletion of these sequences does not prevent nuclear entry of Notch, in agreement with previous data from mouse Notch [39, 40] . We note that it has not been demonstrated whether these basic peptides promote nuclear localization by direct interaction with the nuclear targeting machinery or by some other mechanism. For example, they could in principle promote nuclear retention by allowing interaction with a nuclear protein like Su(H).
Our data, however, provide a plausible rationale for the strong conservation of the "double NLS" motif even though it is not essential for nuclear targetting of N icd .
We note that we still observed residual co-immunoprecipitation of Su(H) with Notch derivatives deleted for both the Ram and PPD binding sites (Fig 5 B,C) , even though those mutations abolished binding in vitro (Fig 4 B) . While we cannot fully exclude the possibility that the residual interaction reflects nonspecific background in the assay, an alternative possibility consistent with our functional data is that Su(H) is capable of associating with Notch indirectly, for example, through a "bridging" protein that itself provides the direct contact to Notch. analyzed by SDS-PAGE followed by Western Blot analysis (WB) with anti-FLAG antibody.
Input lanes represent 5% of total proteins. 
